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Abstract. We present a novel technique for the enhancement of the sensitivity to small 
vibrations in double-exposure TVH. It is based in the modulation of the phase of the 
reference beam with a rectangular waveform in synchronism with the stroboscopic 
illumination whilst the secondary fringes are generated in real-time by sequential 
subtraction. Several variants are defined attending to the demodulation process. Their 
performance is compared to well-established techniques as homodyne time-averaging and 
single-exposure stroboscopic TVH. The theoretical model of the new technique, its 
experimental implementation and some demonstrative practical results are reported. 
1 Introduction 
The detection and measurement of vibrations of very small amplitude can be 
successfully implemented by means of time-averaging techniques with sinusoidal 
modulation of the phase of the reference beam [1]. Generally, these techniques do 
not provide temporal resolution, though it is possible to get it to some degree for 
sinusoidal vibrations of very small amplitude [2]. 
The single-exposure stroboscopic scheme provides maximum sensitivity for 
small vibrations but, besides the poor use of the available laser power, as it 
requires to record a reference state of the object (either static or dynamic), its 
immunity to environmental noise is fairly limited. 
Conventional double-exposure stroboscopic illumination provides high 
temporal resolution and low sensitivity to environmental noise. This makes it well 
suited for the analysis of vibrations, especially if they are non-sinusoidal. 
However, it has a very low sensitivity to small object-phase changes due to the 
profile of the fringe patterns, that follows a cosine function (Ref. [3], p. 191) and, 
therefore, has the smallest slope as the object-phase change approaches zero. 
The improved double-pulse stroboscopic technique herein presented preserves 
all its valuable characteristics and maximizes the sensitivity by means of a 
rectangular modulation of the reference phase originally designed by the authors 
for phase-shifting [4]. 
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2 Theory 
2.1 Background 
The images recorded by the video camera of the ESPI, that we call primary 
correlograms, can be written as follows (Ref. [5], p. R17) 
( ) ( )[ ]{ }npnn MMVgII argcosmod10 ++= ψ  
where In=In(x) is the primary correlogram of the nth video frame, g=g(λ) is the 
spectral sensitivity of the camera, I0=I0(x) is the local average intensity, V=V(x) is 
the local visibility, Mn=Mn(x) is the fringe function characteristic of the temporal 
treatment technique (Ref. [5], p. R12), ψp=ψp(x) is the random phase difference of 
the interfering speckle patterns and x=(x,y) is the position on the image plane. 
Depending on the expression of mod (Mn), no fringes or faint contrast ones can 
be seen in primary correlograms (Ref. [5], p. R18). Therefore, in order to obtain a 
distinct fringe pattern it is necessary to produce secondary correlograms. The 
most usual technique is the numerical subtraction of two primary correlograms 
(which, in general, have the same mod(Mn) and different arg(Mn)) followed by a 
demodulation. The first stage yields: 
( ) ( )[ ] ( )[ ]{ }bpapba MMMVgIII argcosargcosmod0 +−+=− ψψ  
expression that can be rewritten as follows 
( ) ( ) ( )[ ]MMVIgII pMba argsinsinmod2 2
arg
0 +−=−
∆ ψ  
where ( ) ( ) ( )ba MMM argargarg −=∆  and ( )
( ) ( )
2
argarg
arg ba
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=  
In the stage of demodulation, two popular schemes are used: square-law 
demodulation (SL), which produces the result 
( ) ( ) ( )[ ] ( )[ ]{ } ( )[ ]{ }MMMVIgIII pbasl arg22cos1argcos1mod~ 22022 +−∆−=−= ψ
 
and full-wave rectification (FW), which yields 
( ) ( ) ( )[ ]MMVgIIII pMbafw argsinsinmod2~ 2
arg
0 +=−=
∆ ψ  
The changes of the local mean brightness B=〈Ĩ〉 build up a fringe pattern that 
can be easily noticed in the display. The sensitivity S to the changes of the object 
phase difference, ∆φ0 can then be defined as 
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0φ∆∂
∂= BS ,  
being of special interest its value for changes of φ0 approaching zero 
SlimS
0
0
0→∆
=
φ
. 
As in well-designed ESPIs the dynamic range of the camera is fully exploited, 
it is advisable to normalize the mean brightness in order to compare different 
techniques and schemes of demodulation: 
{ } { }I
I
B
BB ~
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~
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ˆ ==  
2.2 The new technique 
The fringe function corresponding to stroboscopic double-exposure with 
synchronous phase modulation follows the expression (Ref. [5], p. R16) 
( )[ ]rArs iM φφφφ −



 −=
∆
02
expcos 0 ,  
where 0φ∆ and 0φ  are the change between pulses and the average value of the 
object phase difference, respectively, φrs is the amplitude of the phase modulation 
between pulses and φrA its mean value, as established in Ref. [4]. 
With this fringe function, the expressions for the secondary correlograms are: 
( ) ( )[ ]( ) ( )[ ]{ }rAprArssl VIgI φφψφφφ −+−∆−−∆+= 0020221 2cos1cos12cos1
~
 
( )rAprsfw rAVIgI φφψφ φφ −+




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∆∆
0220
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~ 0  
In both cases, a maximum of contrast is achieved when the mean value of the 
phase modulation is increased by π on going from a video frame to the next 
(∆φrA=π). The equations for the local mean brightness and the sensitivity are then: 
( ) ( )[ ]rssl VIgB φφ 2cos1 0202 −∆+=  
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
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φ
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Our technique maximizes the sensitivity just by setting φrs=π/4 ⇒sin2φrs=1 for 
square-law demodulation and φrs=π/2 ⇒sinφrs=1 for full-wave rectification. 
2.3 Other high-sensitivity techniques 
The corresponding equations for time-averaging with homodyne sinusoidal phase 
modulation in phase with the oscillation (Ref. [5], p. R13) and stroboscopic 
single-exposure (Ref. [5], p. R15) are summarized in Tables 1 and 2 respectively. 
Note that ∆φ0/2 has replaced the variable φ0m (amplitude of oscillation in terms of 
optical phase) commonly used in time-averaging. This allows a direct comparison 
of the expressions obtained for stroboscopic (with the pulses matched to the 
extremes of the oscillation) and time-averaging techniques, as all of them are now 
expressed as functions of the same magnitude. The maximum sensitivity for time-
averaging is obtained by setting ∆φrA=π and choosing conveniently the amplitude 
of the phase modulation (φrm) [1]. When single-exposure stroboscopic is used it is 
achieved without phase modulation between frames for FW rectification, and with 
∆φr=-π/2 for SL demodulation. The resultant profiles are plotted in Figure 1. 
 
    
Fig.1. Normalized mean brightness profiles for time-averaging with homodyne modulation, 
stroboscopic single-exposure and enhanced sensitivity double-exposure (coincidental), 
using both SL (left) and FW (right) schemes. 
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Table 1: Time-averaging with homodyne sinusoidal phase modulation 
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Table 2: Stroboscopic single-exposure 
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3 Experiment 
We have implemented all the aforementioned techniques using a fibre-optic 
electronic speckle pattern interferometer (ESPI) with sensitivity to out-of-plane 
displacements. It is equipped with intensity and phase modulators in order to 
provide pulsed illumination and known changes in the reference phase, 
respectively (see Ref. [4] for a full description). 
The object used to obtain the secondary correlograms was a circular aluminium 
plate (diameter: 122 mm, thickness: 2 mm), fastened in the centre, coated with 
retro-reflective tape and excited with a piezo-electric transducer glued on its back. 
We excited a resonant mode of the plate at 4,69 kHz, matched the position of the 
illumination pulses with the extrema of the oscillation and set their width to one 
tenth of the period. The change of the object phase difference is then maximum 
(∆φ0max) and, due to the out-of-plane configuration of the interferometer, it is 
related to the local amplitude of the vibration (w0) by w0=∆φ0max λ/(8π). 
In Table 3, we present a set of secondary correlograms obtained at three 
different amplitudes of vibration with the following temporal treatments: standard 
stroboscopic single-exposure (ST1), standard stroboscopic double-exposure (ST2), 
stroboscopic double-exposure with rectangular phase modulation (ST2RMod), 
standard time-averaging (TAV) and time-averaging with homodyne sinusoidal 
phase modulation in phase with the oscillation (TAVHS). 
For TAVHS and FW we distinguish two variants attending to the working 
point: TAVHS1 if ∆φ0=0 is shifted to the point of maximum slope (maximum 
sensitivity) of the Bessel function and TAVHS0 if it is placed at the first zero. 
The first column was obtained with ∆φ0=11.92 rad (w0 ≈ 300 nm); all the 
patterns are quite similar in this case. The second and third columns were obtained 
with ∆φ0=3.18 rad (w0 ≈ 80 nm) and ∆φ0=0.79 rad (w0 ≈ 20 nm) respectively. For 
both sets it can be noticed an increase of the sensitivity with modulation and clear 
differences between FW and SL schemes. For TAVHS the fringe pattern also 
depends on the working point when FW is used. 
4 Discussion 
As a general rule, the point of maximum slope of the mean brightness function is 
chosen to be the working point of a technique, as it has the highest sensitivity.  
Such a point has nonzero brightness level when SL demodulation is used. As a 
result the areas of the object that do not experiment phase changes appear as a 
mid-grey level in the monitor, whilst small phase changes in the positive and 
negative direction yield fringes brighter and darker than the mid level.  
When FW rectification is used we obtain different results depending on the 
temporal treatment.  
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  Amplitude 
Technique Demodulation Moderate Small Very small 
ST1 (FW) 
   
ST2 (FW) 
   
FW 
   ST2RMod 
SL 
   
TAV (FW) 
   
FW 
(TAVHS0) 
   
FW 
(TAVHS1) 
   
TAVHS 
SL 
   
Table 3 
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The point of maximum slope for stroboscopic techniques is the zero-crossing of 
the cosine and it is chosen to be the working point; therefore, stationary parts of 
the object have zero brightness and phase changes of any sign appear as bright 
fringes on a dark background. On the contrary, the point of maximum slope for 
time-averaging has again a nonzero brightness level. If we take it as the working 
point (TAVHS1) the fringe patterns are similar to those obtained with SL 
demodulation. If we work with the first zero of the Bessel function (TAVHS0), 
the results are more alike to those obtained with FW rectification applied to 
ST2RMod and ST1 techniques. A noticeable asymmetry can be observed in both 
TAV variants, due to the different height of the local maxima of the Bessel 
function and also, in TAVHS1, to the low brightness level of the working point. 
Therefore, TAVHS1 and all the techniques herein described that use SL 
demodulation are sensitive to the sign of the phase change, whilst the rest of FW 
demodulated techniques are not. 
5 Conclusions 
The sensitivity of stroboscopic double-exposure TVH to vibrations of very small 
amplitude can be effectively improved by means of phase modulation. 
Our technique can be considered an extension of homodyne modulation in 
time-averaging, with the advantage that stroboscopic illumination provides 
temporal resolution which facilitates the analysis of non-sinusoidal vibrations. 
Full-wave rectification combined with one of the phase-modulated techniques 
above considered seems the best choice in order to detect vibrations with very 
small amplitudes, as it is easier to notice clear fringes on a black background than 
small changes from a mid-grey. If phase information is required, square-law 
demodulation or the TAVHS1 technique should be used in view that they are 
sensitive to the sign of the phase change. 
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